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The widespread phenomenon of organisms paying costs to help others (altruism) is a long-standing paradox in biology 1, 2 . Recently, variance-averse investment in stochastic environments (bet-hedging) has been suggested as an explanation for a number of major puzzles in the evolution of altruism, including the origins of sociality in birds 9, 11, 12 , insects 13 and rodents 14 , the altitudinal distribution of eusocial species 7 , and the evolution of cooperation between eusocial insect colonies 15 . The global distribution of animal societies is linked to environmental stochasticity 4 . In birds 6, 12 , mammals 16 , bees 7 and wasps 8 , cooperation is more common in unpredictable or harsh environments. However, the effects of stochasticity have largely been omitted from social evolutionary theory. There are a few notable exceptions: in ref. 17 it is argued that selection will maximize expected inclusive fitness under uncertainty; ref. 18 shows that mutualism between non-relatives could counteract kin selection by dampening stochasticity; and stochastic effects on reproductive value are explored in ref. 19 . However, despite speculation 11, 20 , the proposed link between bet-hedging and altruism 9 has remained elusive 4 . We resolve this link by presenting a stochastic generalization of Hamilton's rule (stochastic Hamilton's rule), which predicts when organisms should pay a cost to influence the variance in the reproductive success of their relatives.
We allow the environmental state π to fluctuate among the possible states Π; stochasticity is the condition that states are unpredictable. We follow the established method of capturing fitness effects as regression slopes 1 . Both the fitnesses w x of individual organisms and the average fitness w in the population may vary among the states Π. We denote the kth central moment of w as 〈〈 〉〉 w k . The joint distribution of the fitness of individual x (w x ) and w across states Π is captured by their mixed moments (covariance, k = 1; coskewness, k = 2; cokurtosis, k = 3 and so on; Supplementary Information A1). Altruists may not only alter the expected number of offspring (mean, k = 0), but also may reduce the variation in offspring number (variance, k = 1) or increase the likelihood of large numbers of offspring (skew, k = 2). We denote the effect of the actor on the expected number of offspring of the recipient as the benefit b μ , the effect of the actor on its own expected number of offspring as the cost c μ , and relatedness as r. Likewise, we denote the effect of the actor on the kth mixed moment defining the reproductive success of the recipient as b k , and the effect of the actor on the kth mixed moment of its own reproductive success as c k . The stochastic Hamilton's rule is therefore:
Empirical tests of Hamilton's rule have looked for benefits and costs that constitute effects on the mean reproductive success of recipients and actors, using the form rb μ > c μ (henceforth, means-based Hamilton's rule) 21 . However, equation (1) reveals that b μ is a single component of a range of potential benefits of altruism. Conclusions based on mean reproductive success (b μ and c μ ) overlook effects on the variance of the distribution from which a recipient samples its reproductive success.
Asocial bet-hedging has been analysed extensively 3 , and is typically described in terms of costs and benefits: the cost is a reduction in mean reproductive success, whereas the benefit is a reduction in the variance of reproductive success 3 . Following speculation that these benefits and costs could be accrued by different partners 9,13 -actors pay costs whereas recipients derive benefits (Fig. 1a) -we refer to decoupled benefits and costs as altruistic bet-hedging. We let b σ and c σ denote, respectively, the effects on the standard deviation (volatility) of the recipient and actor in reproductive success (weighted by its correlation with population average reproductive success w ; for details see Extended Data Table 1 ). We introduce the stochasticity coefficient v as the coefficient of variation in w across environmental conditions ( Fig. 1b) . For cases in which the actor can affect both the mean and the volatility (but not higher moments) of the reproductive success of the recipient, equation (1) 
Reducing the (w-correlated) volatility in the recipient's number of offspring (b σ > 0) confers on the recipient greater relative fitness in poor environmental states: extra offspring are disproportionately valuable when competitors produce few offspring 22 , underscoring the principle that the ultimate currency for benefits and costs under stochasticity is the expectation of relative fitness 
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Formally, we define altruistic bet-hedging as a reduction in the reproductive volatility of a recipient (positive b σ ) that overcomes an otherwise deleterious cost to the expected reproductive success of the actor (positive c μ ). Strong benefits can arise when b μ and b σ are both positive, and reductions in the actor's own reproductive volatility (c σ < 0) diminish total costs (Fig. 2a, b) . Moreover, when b σ > c σ , increasing stochasticity reduces the minimum relatedness (r) required for altruism to evolve (Fig. 2c) . Fluctuations in relatedness (r) alter selection only if they correlate with strong fluctuations in population average reproductive success (w) (Supplementary Information A4).
We note four predictions of the stochastic Hamilton's rule that differ from standard expectations:
(i) Selection can favour altruism (C > 0) with zero increase to the expected reproductive success of the recipient (b μ = 0). Such a seemingly paradoxical lack of benefits is observed in cases for which additional helpers appear redundant 23 . Paradoxical helpers can be selected for by reducing the reproductive volatility of the recipient if:
(ii) Actors may be selected to harm the expected reproductive success of their relatives (b μ < 0, c μ > 0). The harm is outweighed by a reduction in the reproductive volatility of the recipient (Fig. 2 ) if:
(iii) Altruists that reduce the reproductive volatility of their recipients can be favoured by selection in the absence of environmental stochasticity, but only when population size (N) is low (in extremely small populations 3 or small demes with intense local competition 24 ) and > Letter reSeArCH reproductive volatility of their recipients spread rapidly. As successful altruists reach high frequencies, the coefficient of variation in average
reproductive success
tends towards zero (Extended Data Fig. 2 ). When v is small, any b σ has a small effect (equation (2)), so altruistic bet-hedgers undermine the condition (high v) that favoured them (Extended Data Fig. 1a, b) . This frequency dependence can generate a mixed population of altruists and defectors (Extended Data Fig. 1c ), provided that allele frequency does not fluctuate intensively, which can otherwise destabilize the equilibrium (Extended Data Fig. 3 ) and lead to fixation 25 . Apparent reduction of the reproductive volatility of recipients (implying b σ > 0) has been shown in starlings 9 , sociable weavers 26 , woodpeckers 10 , wasps 27 and allodapine bees 13 . We illustrate a volatilityreduction route to sociality with two examples. First, we consider sister-sister cooperation in facultatively social insects (as in certain carpenter bees, for which a means-based Hamilton's rule is violated 28 ). In strongly stochastic environments, altruism can evolve between haplodiploid sisters when values of mean fecundity alone would predict it to be deleterious, as predicted by equation (2) (Fig. 3a) and simulations of haplodiploid populations ( Fig. 3b ; Supplementary Information C1). Second, using published estimates of mean fecundity and high stochasticity in Galapagos mockingbirds (Mimus parvulus), we indicate how volatility effects could favour cooperative breeding even if helping increases the average fecundity of the recipient only as much as it reduces that of the actor (c μ = b μ ; Fig. 3c ; Supplementary Information C2).
Equation (2) We show a population fluctuating randomly between a good and a bad environmental state, comprising three alleles: 'selfish' (S), for which the carriers never cooperate; 'constitutive cooperator' (C), for which the carriers always cooperate; and 'inducible cooperator' (I) for which the carriers cooperate only when they believe they are in the bad (lowfecundity) state. Information reliability is set by A (actors diagnose true state with probability A). Apexes represent monomorphic populations. Without social behaviour, individuals obtain four and one offspring in good and bad states respectively. Cooperation confers on recipients 1.5 additional offspring in bad states but reduces recipient fecundity by 0.2 offspring in good states, and costs actors 0.5 offspring in all states. Letter reSeArCH at a whole-population level, v decreases. Likewise, iteroparity and long generations across different environmental conditions reduce v, whereas correlated exposure to environmental conditions within lifetimes increases v. For these reasons, equation (2) suggests that the most promising avenues to detect b σ -driven sociality may occur among social microbes, which can experience population-wide fluctuations (high v), short generations (high v), competing clones (high r), and opportunities to confer homeostasis on others (b σ > 0), including through the construction of biofilms 29 and incipiently-multicellular clusters withstanding profound abiotic and biotic stress.
We have shown that altruistic effects on recipient volatility are visible to selection. Notably, Hamilton's rule identifies ultimate payoffs by incorporating any effects of population structure 1 . To make casespecific predictions, researchers should, accordingly, utilize explicit information on population structure and ecology. The empirical challenge to detect volatility-suppressing sociality in wild organisms will best be met using tailored models guided by field data for specific scenarios, led by the general framework of inclusive fitness theory 1, 21, 30 . In summary, Hamilton's rule reveals the action of selection under stochasticity: shielding relatives from a volatile world can drive the evolution of sociality.
Code Availability Simulation output was generated using MATLAB code provided in section D of the Supplementary Information; this is also available from the corresponding author upon reasonable request.
Data Availability
The data that support the findings of this study are available from the corresponding author upon reasonable request.
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper. 
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Replication
Describe whether the experimental findings were reliably reproduced.
Not applicable.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided (note: only common tests should be described solely by name; more complex techniques should be described in the Methods section)
A description of any assumptions or corrections, such as an adjustment for multiple comparisons
The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)
Clearly defined error bars
See the web collection on statistics for biologists for further resources and guidance.
